A pioneer in bacterial mutagenesis
When Evelyn Witkin began her graduate studies in genetics at Columbia University in the early 1940s, DNA had not yet been definitively identified as the hereditary material (1, 2). Naturally curious, she was drawn to trying to understand central problems of genetics, which were how genes duplicate and how genetic changes are propagated. Inspired by a paper from Luria and Delbrück establishing that bacteria have genes and can develop viral resistance, Witkin pursued an opportunity to study bacterial genetics at Cold Spring Harbor Laboratory in the summer of 1944 (3). Her project was to mutate E. coli using ultraviolet light, but there were no published survival curves, and the initial doses she chose were quite high. "The next day, most of the plates were absolutely bare, no bacteria survived . . . But on one plate there were four colonies," Witkin recalled (4). Suspecting that these isolates may have acquired UV resistance, she compared them with the parent strain and discovered that they had a higher tolerance to escalating doses of UV. "I had my first eureka experience, because these four colonies had arrived to what was clearly radiationresistant mutants, at least a hundred times more resistant to ultraviolet light than the original strain." She noted that normal strains exposed to UV stopped dividing and formed long filamentous structures, while resistant strains appeared to divide normally (5) . She concluded at the time that the enhanced resistance observed was the result of spontaneous mutation.
Following the completion of her doctoral studies, Witkin remained at Cold Spring Harbor Laboratory until 1955. During these years, she developed a close friendship with fellow geneticist Barbara McClintock. "I would have to say the most important experience I had there was being able to watch Barbara at work, to look over her shoulder during those years when she was discovering transposition. And this was with my mouth hanging open most of the time, because who could put this together with what we knew then about genetics?" (4). This close contact later influenced Witkin's own ideas, because she had learned from McClintock that broken chromosomes, even from disparate locations in the nucleus, can be rejoined efficiently, which helped shaped Witkin's thoughts about repair as a mechanism for resolving mutations.
The SOS hypothesis
After she left Cold Spring Harbor Laboratory, Witkin took a position at the State University of New York's Downstate Medical Center. With only a small laboratory space and a single technician, it was here that she began to develop a framework for the SOS hypothesis. When she began her career, the assumption had been that UV and other damaging agents directly cause mutations responsible for developing resistance. But at this time, she and others in the field began to realize that bacterial responses to DNA damage profoundly shaped the ultimate genetic changes. She observed that placing bacteria in the dark eliminated a class of mutants induced by UV light, leading her to postulate the existence of a "dark repair" process that was parallel to a photoactivated repair pathway (6). UmuD, is also a target of RecA-mediated cleavage (15 During his postdoctoral studies in Ronald Davis' laboratory at Stanford University, Elledge originally intended to move away from the DNA damage response to instead focus on how to harness homologous recombination for reverse genetics in eukaryotic systems. He initially tried to find a protein with recombinase activity in Saccharomyces cerevisiae, but while searching for the yeast homolog of recA, a twist of fate sent Elledge down another path of research. The RecA antibody that he was using to identify a yeast homolog cross-reacted with a small subunit of ribonucleotide reductase (RNR2), which he discovered to be strongly inducible by DNA damage. The protein was approximately the right molecular weight, and he went on to clone the gene before he realized the error. "Of course, I was devastated . . . It was just an artifact, and I wasn't at all interested in it," Elledge recalled to the JCI. This turned out to be a fortunate accident, though, because soon thereafter, Elledge learned that RNR2 is required during the cell cycle for DNA replication. From this, he deduced that cells must have a pathway that senses problems at the DNA replication fork and transmits this signal to promote RNR2 transcription. This concept turned out to be correct, and Elledge showed that RNR2 expression is triggered by DNA damage and hydroxyurea, an agent that blocks DNA replicanism of DNA replication. Initially, Witkin had reservations about the model, but her own experiments would soon convince her that it must be correct. By now on the faculty of Rutgers University, she was working on a mutant E. coli strain lacking DNA polymerase I, which at the time was the only known DNA polymerase. She found that even at very low doses of UV exposure, this strain was hypermutable, and she recognized that this phenotype must be due to the inducibility of an error-prone system, as predicted by the SOS hypothesis (11) .
Shortly afterward, a number of prominent researchers linked by their investigations into recA-or lexA-dependent phenotypes gathered for a meeting in Gainesville, Florida (12) . At this meeting, it became apparent that many of these phenotypes were induced in a coordinated fashion. It was here that Lorraine Gudas, a graduate student in Arthur Pardee's laboratory, proposed that LexA acted as a global repressor of the SOS response and that RecA promoted DNA damage-induced protease activity (13) .
The race was now on to find genetic and biochemical evidence to support the SOS response hypothesis and to determine what other functions were induced by RecA. Subsequent work by Graham Walker's laboratory established a number of important loci that are expressed in response to DNA damage (14) and demonstrated that one of the downstream targets, In addition, she returned to her early finding of a filamentous bacterial phenotype in response to UV and noted striking parallels with prophage induction (7) . Prophage induction and filament formation are both induced by UV light or other DNA-damaging agents, and Witkin had observed that both occasionally occur spontaneously in old cultures. She proposed that E. coli contained a repressor, similar to the lambda phage repressor, that is inactivated by the presence of DNA damage that blocks replication fork progression and that can be restored following repair of the DNA lesion (7). In two additional reports, she found that bacterial strains with mutations in lexA, which we now know to encode a transcriptional repressor, or recA, which we now know to encode a single-stranded DNA-binding protein, could not produce UV-induced mutations (refs. 8, 9, and Figure 2 ). On the basis of these findings, Witkin suggested that these mutations might block the ability of an unknown DNA polymerase to catalyze error-prone replication.
In 1970, Miroslav Radman, a postdoctoral researcher at Harvard University, circulated a private memo coining the term "SOS replication" (10) . In it, he hypothesized that lambda prophage induction and the activity of an error-prone DNA polymerase are under the control of the recA and lexA genes and suggested that DNA damage itself induces a distinct mecha- encodes a kinase activated by DNA damage, and their study established for the first time that the eukaryotic DNA damage response is regulated by phosphorylation. They also noted that a subset of DNA damage-responsive genes were activated normally in the dun1 mutants, suggesting that other pathways must exist to control other aspects of the cellular response. Elledge's laboratory would soon find evidence for an essential kinase that is critical for regulating the events downstream of replication stress. Jim Allen and others in the laboratory searched for yeast mutations that caused lethality in response to DNA replication blockade (25) . They discovered that rad53 mutants exhibited blocked DNA damage-induced transcription of RNRs and failed to arrest at the G1, S, and G2 phases of the cell cycle in response to different damaging agents. RAD53 encodes a protein kinase that acted upstream of DUN1, which confirmed the notion that signal transduction through a protein phosphorylation cascade is critical for mediating the ultimate cellular response to DNA damage.
Extrapolating to mammalian cells
While Elledge's laboratory was elegantly exploring the DNA damage response pathway in S. cervisiae, a number of other groups were trying to understand DNA damage deficiencies in mammalian cells. There was particular interest in a rare disorder known as ataxia-telangiectasia, which causes neurodegeneration, immune defects, and an increased susceptibility to cancer. In 1992, Michael Kastan and colleagues showed that primary cells from patients with ataxia-telangiectasia failed to induce the tumor suppressor p53 in response to ionizing radiation (26) . Moreover, cells from patients with ataxiatelangiectasia also failed to transcriptionally upregulate GADD45, which had previously been implicated in the DNA damage response. This work provided an important line of evidence for a signal transduction network in response to DNA damage in human cells.
Soon afterward, Savitsky et al. cloned the human gene responsible for ataxiatelangiectasia (27) . The ataxia-telangiectasia mutated gene (ATM) was found to encode a kinase with similarity to PI3Ks, transduction pathway that transmits information from replication stress or DNA damage to elicit both a cell cycle arrest and a broader transcriptional response of DNA damage-inducible genes. "But a lot of people in the field didn't believe this would be the case," Elledge noted. "They thought signal transduction came from the outside of the cell to the inside, and there really weren't any good examples of a cell sensing itself." To genetically test this, Elledge's first graduate student, Zheng Zhou, set up a reporter system to identify gene mutations that caused constitutive expression of RNR3 in the absence of DNA damage in S. cervisiae (23) . They isolated a number of different mutants, including a pol1 mutant, which proved that blocking DNA replication altered the regulation of DNA damage-inducible genes.
Elledge and Zhou next set up the converse experiment to find gene mutations that blocked RNR3 expression following exposure to DNA-damaging agents. They identified several dun1 mutants that are sensitive to DNA damage and fail to induce expression of RNRs in response to damage (24) . Importantly, the DUN1 gene tion (18) (19) (20) . In addition, his work demonstrated that mutations in RNR2 conferred hypersensitivity to DNA replication stress, an area to which Elledge would devote much future research (19) .
An extraordinary period of discovery
A year later, Leland Hartwell's laboratory published an article demonstrating that the RAD9 gene is required for cell cycle arrest in S. cervisiae in response to x-ray irradiation (21) . Similar studies in Schizosaccharomyces pombe had been published 12 years earlier in 1976 by Anwar Nasim's laboratory but were not widely known at the time (22) . This rediscovery in budding yeast spurred considerable interest from the now burgeoning cell cycle field, because it further indicated that the cell negatively regulates the cell cycle in response to damage to permit cells more time to repair DNA. Elledge, by now running his own laboratory at Baylor College of Medicine in Houston, thought there might be a similar mechanism operating during the DNA synthesis phase of the cell cycle. He was convinced that there must be a signal uphill battle for 20 years to convince people that this was just one pathway and that the DNA damage response was controlling all kinds of different things," Elledge said. In 2007 he would provide compelling evidence to support this idea. A proteomic analysis of ATM and ATR substrates by Elledge's laboratory revealed that these two kinases phosphorylate hundreds of proteins, many of which had not been previously associated with the DNA damage response, including proteins involved in repair, metabolism, senescence, and apoptosis (38) . This work, as Elledge predicted, clearly indicates that the DNA damage response network that cells utilize to cope with DNA damage is broad and extends far beyond its role in cell cycle checkpoints.
A tribute to over 70 years of work
From the simple observation of UV-resistant bacteria to our present understanding of the complex mechanisms underlying the DNA damage response, decades of work has uncovered several common features of this response across kingdoms, including sensing of DNA damage, the transmission of the damage signal through downstream mediators, the induction of cell cycle arrest, the transcription of factors required for repair, and the importance of feedback loops for detecting damage resolution. These pathways direct the ultimate cellular outcome, recovery in the case of successful repair, and cellular senescence or cell death in cases of irreparable damage. This year's Lasker Basic Medical Award pays tribute to two truly notable scientists, Evelyn Witkin and Stephen Elledge, who have played an exceptional role in shaping our understanding of these systems. which were known to be involved in signal transduction. Just a few months later, Elledge's team identified two yeast homologs of ATM, MEC1 and TEL1, which they found controlled phosphorylation of RAD53 (28) . They also predicted the existence of a human homolog of RAD53 that functions downstream of ATM. In 1998, Elledge's laboratory proved that this assumption was correct, demonstrating that CHK2 is the mammalian equivalent of RAD53 and is phosphorylated by ATM in response to DNA damage (29) . They also identified the human gene CHK1, which had homology to an S. pombe gene required for the DNA damage checkpoint (30) . In collaboration with Helen Piwnica-Worms, they showed that CHK1 and, later, CHK2 could phosphorylate the CDC25 family of proteins, which inhibit cyclin-dependent kinases. They showed in S. cerevisiae that CHK1 and RAD53 operated in parallel pathways that are activated by different signals (31) . Subsequently, the Elledge laboratory demonstrated genetically in mice that ATR functions upstream of CHK1 in a manner analogous to that of ATM and CHK2 (32) .
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These discoveries provided the backbone for much of our current understanding of how the eukaryotic cellular responses to DNA damage are mediated ( Figure  3 ). In the ensuing years, Elledge's group continued to make seminal contributions to how DNA damage is sensed, discovering the association of ATR and ATR-interacting protein (ATRIP) and showing that this complex recognizes single-stranded DNA bound by RPA (33, 34) . Their work also uncovered key mediators of the DNA damage checkpoint, including the breast cancer-associated protein BRCA1 and MDC1, which organizes DNA repair foci at sites of DNA damage (35, 36) . With Tak Mak's laboratory, they also showed that induction of p53 in response to DNA damage is controlled by CHK2 (37) . While many in the field contributed to our understanding of eukaryotic DNA damage response, Elledge's work stands out for mapping out the concept of how cells respond and systematically identifying many of the most important components.
One issue that had always vexed Elledge was that much of the field focused only on the cell cycle checkpoint aspect of the damage response. "I had to fight an
